Glucose-regulated protein, 78-kilodalton (GRP78) is a molecular chaperone that exists in the endoplasmic reticulum and is involved in the assembly, transportation, and folding of proteins. Previously, GRP78 was reported to associate with gonadotropin receptors. However, little is known about how GRP78 is involved in the regulation of luteinizing hormone receptor (LHR). Thus, in this study, we investigated the significance of GRP78 for the induction of LHR in rat luteinizing granulosa cells. Western blot analysis of rat LHR expressed in HEK293 cells revealed that the protein levels of LHR were increased, depending on the increment of GRP78 protein. In both in vivo and in vitro experiments, the GRP78 mRNA level peaked while LHR mRNA was down-regulated by human chorionic gonadotropin (hCG). To examine the time-dependent localization of GRP78 in vivo, immunohistochemistry was performed. GRP78 was expressed mainly in granulosa cells, and the GRP78 protein peaked 18 h after the ovulatory dose of hCG injection in equine chorionic gonadotropin-primed immature rats. To ascertain the role of GRP78 in LHR after down-regulation, small interfering GRP78 was transfected to cultured rat granulosa cells, demonstrating that knockdown of the GRP78 protein level impaired the recovery of cell surface LHR from down-regulation that negatively affected progesterone synthesis. Moreover, luciferase assays showed that CRE mediated the hCG-induced promoter activity of GRP78 in rat luteinizing granulosa cells. These results reveal a novel mechanism of LHR by GRP78 in the early stage of corpus lustrum formation, which may be an important factor in the recovery of LHR after the down-regulation.
INTRODUCTION
The luteinizing hormone-human chorionic gonadotropin receptor (LHR) belongs to the superfamily of G-proteincoupled receptors (GPCRs), which consists of three distinct domains: the N-terminal region, a serpentine region, and the Cterminal tail [1] [2] [3] . In females, reproductive functions including steroidogenesis and ovulation cannot take place without the proper functioning of LHR [4, 5] because LHR mediates the actions of the pituitary glycoprotein hormone, LH, and its homolog hormone produced in the placenta, human chorionic gonadotropin (hCG). Although numerous studies regarding LHR regulation were conducted after LHR was cloned [6] , the precise mechanism of its regulation has not been elucidated.
The endoplasmic reticulum (ER) is a perinuclear organelle where secretory proteins and lipids are synthesized or processed, and it is involved in the maintenance of Ca 2þ homeostasis [7] . Previous studies have found that a large number of gonadotropin receptors exist in the ER in an immature form containing high mannose-type carbohydrate side chains characteristic of glycoproteins that are typically located in the ER [8] [9] [10] [11] , which suggests that, with respect to the posttranslational regulation of LHR, an important mechanism for controlling the maturation of LHR exists downstream of the ER. Within the ER, molecular chaperones are known to widely interact with glycoproteins and serve to control the quality of proteins by facilitating proper protein folding, preventing folding intermediates from aggregating, and binding to misfolded proteins, which are retained in the ER [12, 13] . The glucose-regulated protein (GRP78), a 78-kDa protein, whose name was originally based on its inducement in cultured cells in glucose-deprived medium [14] , is one of the ER chaperones. GRP78, also known as the immunoglobulin heavy chain binding protein [15] , is necessary for the proper folding and assembly of membrane and secretory proteins [16] . Under a variety of physiological or pharmacological stress conditions that result in an accumulation of unfolded proteins, GRP78 can be induced to adjust the protein folding machinery in the ER [17] . Mizrachi and Segaloff [18] found that gonadotropin receptors can be associated with chaperone proteins in the ER, demonstrating that both the immature forms of folliclestimulating hormone receptor (FSHR) and LHR could bind to a molecular chaperone in the ER. This suggests that recognition by GRP78 may be necessary for gonadotropin receptors to be properly folded and transported to the plasma membrane during biosynthesis. Thus, these data led us to hypothesize that GRP78 physiologically regulates LHR protein expression at the cell surface in the ovary.
In the present study, we demonstrate that GRP78 expression is particularly high in granulosa cells and that the ovulatory stimulation (i.e., LH or hCG) induces the GRP78 expressed in these cells involved in the recovery of LHR from downregulation around the ovulatory phase, which supports the formation of the corpus luteum. Consequently, GRP78 might be an important factor in providing a sufficient environment for ovarian functions.
MATERIALS AND METHODS

Hormones and Reagents
Purified hCG and rFSH were kindly supplied by Dr. A. Parlow and the National Hormone and Pituitary Program (National Institute of Diabetes and Digestive and Kidney Disease, National Institutes of Health [NIH] ). Dulbecco modified Eagle medium (DMEM) with phenol red was purchased from Sigma Chemical Co., and DMEM without phenol red was purchased from Invitrogen 1 Supported in part by Grants-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology of Japan (MEXT) and by the program of Initiatives for Attractive Education in Graduate Schools from MEXT. 2 Correspondence: E-mail: nkazuto@med.gunma-u.ac.jp
Corp. DMEM/Ham nutrient mixture F-12 (1:1 vol/vol) was also purchased from Sigma Chemical. Gentamicin sulfate, geneticin, and newborn calf serum were purchased from Invitrogen. The RNA labeling kit and nucleic acid detection kit were purchased from Roche Diagnostics. Equine chorionic gonadotropin (eCG) was provided by Asuka Pharmaceutical, and hCG was provided by Organon Japan. [ 125 I]-hCG was purchased from PerkinElmer.
Animals
Immature female Wistar rats (Japan SLC, Inc.) were maintained at all times according to the NIH guidelines for the care and use of laboratory animals and the policies of the Gunma University Animal Care and Use Committee. The animals were housed in a temperature-and light-controlled room (12L:12D; lights on at 0600 h) with food and water provided ad libitum. For the in vivo experiments, one rat was sacrificed from each treatment group at each time point, and each experiment was repeated three times.
SDS-PAGE, Western Blot Analysis, and Immunoprecipitation
We had already established stable cell lines expressing Myc-hLHR [11] or Myc-hFSHR [19] using HEK-293. In this study, we newly established a stable cell line expressing myc-tagged rat LHR (Myc-rLHR), using the methods described in our previous study. Complementary DNA cloning either human or rat GRP78 was inserted separately into the mammalian expression vector pcDNA3.1 (Invitrogen). The vector was then named hGRP78 or rGRP78, respectively. The stable cell lines were transfected with either hGRP78 or rGRP78 at increasing concentrations. At 48 h after transfection, lysates were made from the cells as described previously [19] . The lysate (1 g) was immunoprecipitated with 50 ll of anti-c-Myc agarose (Santa Cruz Biotechnology). As described previously [19, 20] , the anti-c-Myc agarose was washed repeatedly with lysis buffer after immunoprecipitation, the bound material was eluted with 40 ll of sample buffer, and the eluent was then resolved on sodium dodecyl sulfate gels and electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking, expression of the different proteins was determined with rabbit anti-GRP78 antibody (1:500; Santa Cruz Biotechnology) and horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) antibody (1:40 000; Bio-Rad Laboratories, Inc.) to detect GRP78, and with horseradish peroxidase-conjugated anti-c-Myc antibody (1:10 000; Santa Cruz Biotechnology) to detect LHR. The proteins were finally visualized using enhanced chemiluminescence (Immobilon Western; Millipore). Luminescence detection was quantified by scanning the films with a CCD camera and analyzing the digitized data with the NIH Image 1.60 computer program.
Receptor Biotinylation
Transfected cells were washed four times with ice-cold PBS (10 mM sodium phosphate, 150 mM NaCl, pH 8) and then biotinylated during a 30-min incubation with freshly prepared 0.5 mg/ml solutions of sulfosuccinimidyl-6-(biotinamid) hexanoate (Pierce Chemical Co.) in PBS. The cells were lysed and immunoprecipitated for Western blot analysis as described in SDS-PAGE, Western Blot Analysis, and Immunoprecipitation except that horseradish peroxidase (HRP)-conjugated streptavidin (Pierce Chemical Co.) was used to detect biotinylated receptors.
Measurement of cAMP
To obtain concentration-response curves for the hLHR-induced increases in cAMP, the double-antibody radioimmunoassay method was used to measure intracellular cAMP levels in cells (plated in 35-mm wells) that had been incubated with eight different concentrations (0.3, 1, 3, 10, 30, 100, 300, or 1000 ng/ml) of hCG for 15 min at 378C in 1 ml of Waymouth MB 752/1 medium containing 50 lg/ml gentamicin, 20 mM HEPES, and 1 mg/ml bovine serum albumin (BSA) in the presence of a phosphodiesterase inhibitor, 0.5 mM 3-isobutyl-1-methylxanthine (Sigma Chemical). The different parameters that describe the concentration-response curves were calculated as described elsewhere [21] .
Immunohistochemistry
We used rat ovaries under a pseudoestrous cycle by administrating eCG and hCG to an animal model. Three-week-old female rats were injected subcutaneously with 30 international units (IU) of eCG and then injected with 20 IU of hCG at 48 h after the eCG injection. The rat ovaries were excised, and ovary sections were fixed in 7.8% formalin and embedded in paraffin. Sections of ovary were taken from the paraffin-embedded tissue and stained with goat anti-GRP78 polyclonal IgG diluted 1:200 (Santa Cruz Biotechnology). The primary antibody binding was detected through biotin-conjugated rabbit antigoat IgG antibody (Histofine SAB-PO Kit; Nichirei). The serial sections were also stained with anti-rabbit IgG as controls.
RNA Isolation and Quantitative RT-PCR
Three-week-old female rats under a pseudoestrous cycle by treatment with eCG and hCG as described above were sacrificed at 0, 3, 6, 12, 24 , and 48 h after the injection of hCG. Nontreated rats were also sacrificed as negative controls (shown as 0 h eCG in Fig. 4) . The excised ovaries were immediately stored in liquid nitrogen and homogenized in ice-cold Isogen (Nippon Gene, Toyama, Japan). RNA was isolated from them following the manufacturer's protocol. The final RNA pellet was dissolved in diethylpyrocarbonate-treated H 2 O. Total RNA was quantified by measuring the absorbance of samples at 260 nm. To examine the influence of GRP78 on LHR mRNA expression, the stable cell line expressing LHR were transfected with hGRP78 at increasing concentrations as described in the Figure 1A legend. At 48 h after transfection, the cells were used for RNA isolation and quantitative RT-PCR in the same way as the eCG-hCG primed rat ovary in Figure 4 .
The isolated RNAs (2 lg of each sample) were treated with DNase I (Invitrogen) to eliminate residual genomic DNA. Subsequently, these samples were reverse-transcribed using oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer, deoxynucleoside triphosphate mix, and SuperScript III reverse transcriptase (Invitrogen). Additionally, the samples were incubated with RNaseH to remove RNA, and the resulting cDNAs were then diluted to 105 ll with distilled water. Each quantitative PCR consisted of 5 ll of cDNA template, 12.5 ll of SYBR Green real-time PCR master mix (Toyobo Co.), and 0.2 ll of 50 lM forward and reverse primers in a final volume of 25 ll. The primer sequences were as follows. For the detection of rat TATA box binding protein (TBP), the forward primer was 5 0 -TGCACAGGAGCCAAGAGTGAA-3 0 and the reverse primer was 5 0 -CACATCACAGCTCCCCACCA-3 0 . For rat LHR, the primer sequences were 5 0 -ATATTCAAGAGATGCACTGTGCAG-3 0 (forward) and 5 0 -AAGCAGAGTGTCAATGGGAAATAG-3 0 (reverse). For human LHR, the primer sequences were 5 0 -CAGCCACTGCTGTGCTTTTA-3 0 (forward) and 5 0 -GGGTGTCTTGGGTAAGCAGA-3 0 (reverse). For rat GRP78, the primer sequences were 5 0 -GGGACAGGAAACAAAAACAAAATC-3 0 (forward) and 5 0 -TCTCGGCGTCATTGACCAT-3 0 (reverse). The reactions were carried out on an ABI PRISM 7000 sequence detection system (Applied Biosystems) for 40 cycles (958C for 15 sec, 608C for 1 min) after an initial 1 min of incubation at 958C. The fold change in the expression of each gene was calculated using the standard curve method, with TBP as an internal control.
Primary Rat Granulosa Cell Culture and Small Interfering RNA Transfection
Rat granulosa cells were obtained from immature female Wistar rats injected with 2 mg diethylstilbestrol (DES) in 0.2 ml sesame oil daily for 4 days. The ovaries were then excised, and the granulosa cells were released by puncturing the follicles with 26-gage needles. Granulosa cells were washed and collected by brief centrifugation, and cell viability was determined by trypan blue exclusion. The cells were divided into either 3.5-cm dishes or 6-well culture plates (5.0 3 10 5 per well) and cultured in DMEM/Ham nutrient mixture F-12 (1:1 vol/vol) medium supplemented with 20 mg/L gentamicin sulfate, 500 ll/L Fungizone, and 1 g/L BSA on collagen-coated plates in a humidified atmosphere containing 5% CO 2 /95% air at 378C. Twenty-four hours after plating, the cells were treated with 50 ng/ml FSH and 10 nM estradiol and cultured for another 48 h. Then 30 ng/ml hCG was added into the culture medium to induce the down-regulation of LHR. Transfection with one of two types of rat GRP78-specific small interfering RNA (siRNA) (siRNA identification: s130276 and s130277; the resulting compounds were named siGRP78-1 and siGRP78-2, respectively) at 10 nM final concentration or an irrelevant control siRNA (Ambion) was simultaneously performed by using siPORT Neo-FX Transfection Agent (Ambion) according to the manufacturer's protocol. The medium for the cells was changed 6 h after transfection to remove hCG from the culture medium, and treatment with 50 ng/ml FSH and 10 nM estradiol was performed again. The cells were used at 0, 12, 24, 48, 72, and 96 h for RNA isolation and quantitative RT-PCR using TaqMan primers Lhcgr (Rn00564309_m1), Hspa5 (Rn00565250_m1), aromatase (Rn01422546_m1), and 18S (Hs99999901_s1) (all purchased from Applied Biosystems); at 0, 12, 24, 48, 72, and 96 h for Western blot analysis; and at 0, 24, 48, 72, and 96 h for the binding assay to measure the amount of LHR at the cell surface after the addition of hCG as shown in Figure 7 . Quantitative RT-PCR using TaqMan primers was performed according to the manufacturer's protocol. Then a binding assay was performed by measuring the binding of a single, saturating KOGURE ET AL.
concentration of 125 I-hCG to intact cells during the 1-h incubation at room temperature as described previously [22] . Progesterone concentration in unchanged medium was measured by collecting the medium 72 h after hCG addition and storing it at À808C. The progesterone assay was performed with a Progesterone EIA Kit (Cayman Chemical Company) according to the manufacturer's protocol.
Promoter Assay
Plasmid pGL3-basic is a luciferase vector lacking the eukaryotic promoter and the enhancer sequences (Promega Corp.). The pGL3-control contains a simian virus 40 promoter and a simian virus 40 enhancer inserted into the structure of pGL3-Basic (Promega). The rat GRP78 5 0 -flanking region that included the transcriptional regulating region of the rat GRP78 [23] at various lengths, as shown in Figure 8A , was generated from the genomic DNA as described previously [24] . Each of these fragments included various motifs, including an estrogen-responsive element half site (ERE1/2), AP-1, GC, cAMP-responsive element (CRE), and TATA, as shown in Figure 8A . The ERE1/2 sequence is GGTCA; the AP-1 sequence is TGAATCA; the GC sequences are TGAAGGCGGGACGG, ATGGGGCGGATGTT, and GGGGGGCGGAGCAG; the CRE sequence is TGACGTTT; and the TATA sequence is GTATATAAGCCGAGT. To evaluate the promoter activity, these fragments were ligated to the luciferase reporter vectors (pGL3-basic), which were named as shown in Figure 8A . Using FuGene (Roche Molecular Biochemicals), a total of 1 lg of plasmid DNA was transfected into the primary rat granulosa cell culture plates (2.5 3 10 5 cells/0.5 ml of medium in a 20-mm dish). To assay the regulatory elements, the cells were cultured for the indicated time as described in the Figure 8 legend in hormone-free or phenol red-free medium [25] before transfection. Thirty-six hours after transfection, the cells were treated with hormones for 6 h. The cells were then harvested, and the luciferase activity was measured. The luciferase assay was performed using a dual-luciferase reporter system (Promega).
Data Analysis
The data represent the means 6 SEM from at least three independent experiments. Comparisons between groups were performed by one-way ANOVA. The significance of the differences between the mean values of the control group and each treated group was determined by using the Scheffe multiple-comparison test. A value of P , 0.05 was considered significant.
RESULTS
Western Blot Analysis
As a first step, the following experiments were designed to determine whether or not GRP78 has some effect on LHR expression. For that purpose, we transfected increasing amounts of GRP78 plasmid to HEK-293 cells stably expressing Myc-hLHR to examine the significance of the interaction between Myc-hLHR and GRP78. The cells were subjected to electrophoresis for Western blot analyses, and the results are shown in Figure 1A . The receptor species were revealed as follows: 85 kDa (mature receptor) and 68 kDa (immature receptor) for hLHR, consistent with previous reports [8, 26, 27] , and 78 kDa for GRP78.
Among the cells coexpressing both Myc-hLHR and GRP78, immunoprecipitation (IP) with the anti-Myc antibody and immunoblotting (IB) with anti-GRP78 antibody were used to determine whether GRP78 was coprecipitated with LHR, which would indicate GRP78 protein that associates with Myc-hLHR; the amount of GRP78 associ- The levels of hLHR (85 kDa), FSHR (87 kDa), and rLHR (85 kDa) expression were quantified by scanning the films from Western blots and analyzing the digitized data with the NIH Image 1.60 computer program. The digitized data of the 0 lg GRP78 were taken as a ratio of 1. The absorbance values in the bar graphs represent the means 6 SEM of three independent experiments. *Increase from the 0 lg GRP78 value of the respective phase, P , 0.05. **Decrease from the 0 lg GRP78 value, P , 0.05. D) RNAs were isolated 48 h after the transfection of GRP78 under the same experimental conditions as in A, and the expression of LHR mRNA levels in the cells was measured by quantitative RT-PCR as described in Materials and Methods. The amounts of LHR mRNA in the 0 lg GRP78 were taken as the ratio 1. The data in the bar graphs were normalized for TBP mRNA levels in each sample and represent the means 6 SEM of three independent experiments.
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ated with LHR (Fig. 1A, middle) was increased along with the expression level of GRP78 in the cell (Fig. 1A lower) . As a consequence, as in the HEK-293 cells with increasing GRP78 expression, the protein bands of Myc-hLHR (both an 85-kDa and a 68-kDa band) were increased (Fig. 1A, upper) . This result clearly indicates that GRP78 increases LHR expression both inside the cell and at the cell surface. Secondly, the same experiments were performed among the cells coexpressing both Myc-hFSHR and GRP78 to determine whether GRP78 is also associated with FSHR, demonstrating that GRP78 did not increase but decreased hFSHR expression with increasing GRP78 expression (Fig.  1B) . This finding suggested that GRP78 does not universally increase protein expression. To ascertain whether GRP78 had the same effect on rat LHR as on human LHR, we designed identical experiments utilizing HEK-293 cells expressing Myc-rLHR. As was the case with hLHR, GRP78 interacted with rLHR, and rLHR increased according to the increase in GRP78 (Fig. 1C) . In addition, the LHR mRNA level was quantitated by RT-PCR under the same experimental conditions as those described in Figure 1A , and GRP78 expression did not affect LHR mRNA (Fig. 1D) .
We then examined whether or not GRP78 increased hLHR expression at the plasma membrane, where LHR can function. These experiments were performed by biotinylation of the cell surface proteins followed by Western blot analysis using HRP-conjugated streptavidin. In HEK-293 cells with increasing GRP78 transfection, the 85-kDa band of hLHR expressed at the cell surface was clearly increased (Fig. 2) . Next, the functional ability of hLHR to transduce an hCG signal was measured by quantitating cAMP accumulation in cells incubated with increasing concentrations of hCG to draw a dose-response curve (Fig. 3) . As shown in Table 1 , the EC 50 for the hCG-induced cAMP production obtained from the dose-response curve was not changed, but the maximal response was significantly increased, from 37.6 6 4.4 to 82.3 6 5.0 in HEK-293 cells expressing hLHR with an enhanced GRP78 expression. Taken together, these results suggested that GRP78 increased the functional hLHR protein expression at the cell surface, resulting in enhanced responsiveness of hLHR to hCG stimulation. Figure 1A . The cell surface proteins were covalently modified with biotin, and lysates were prepared, immunoprecipitated with anti-c-Myc (IP), and resolved by SDS-PAGE. After electrophoretic blotting, the biotinylated proteins were visualized using HRP-labeled streptavidin and Immobilon Western blots as described in Materials and Methods. Myc-hLHR, which was not biotinylated, was visualized as a negative control. The detection of b-actin protein served as a loading control. The blot is representative of three independent experiments. B) The levels of hLHR (85 kDa) expression were quantified by scanning the films from Western blots and analyzing the digitized data with the NIH Image 1.60 computer program. The digitized data of the 0 lg GRP78 were taken as a ratio of 1. The absorbance values in the bar graphs represent the means 6 SEM of three independent experiments. *Increase from the 0 lg GRP78 value of the respective phase, P , 0.05. 
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Quantitative RT-PCR, Immunohistochemistry, and Western Blot Analysis in Rat Ovaries
The following experiments were designed to examine the patterns for both GRP78 mRNA and LHR mRNA expression in the ovaries using quantitative RT-PCR. Because it was difficult to obtain human ovaries in each menstrual phase, we adopted animal models with immature rat ovaries under a pseudoestrous cycle by treatment with eCG and hCG. As described in a previous paper [28] , the ovulatory dose of hCG results in down-regulation of LHR mRNA levels at 12 h, followed by a marked recovery during transformation of the ovulated follicles into the corpus luteum 48 h after hCG injection. In contrast, the inverse was found for GRP78 mRNA, that is, the levels of GRP78 mRNA increased until reaching a peak at 12 h and preceded the increase of LHR mRNA, while LHR mRNA was down-regulated (Fig. 4) .
Furthermore, to ascertain the expression of GRP78 protein, immunohistochemistry and Western blot analyses were performed with the same animal models designed for RT-PCR (Fig. 5) . GRP78 protein was observed mainly in granulosa cells, with the highest-level staining for GRP78 occurring at 18 h after hCG injection. After the corpus luteum formation, a weak GRP78 signal was detected. These observations were confirmed by Western blot analysis, indicating that the ovulatory dose of hCG administration brought about a transient peak of the GRP78 protein level 18 h after the hCG injection.
Primary Rat Granulosa Cell Culture
Cell culture experiments were performed to elucidate the time-course change of GRP78 mRNA after down-regulation of LHR in granulosa cells isolated from immature rats. We added FSH and estrogen to culture medium to induce LHR because both are believed to be critical factors for LHR expression inside the ovary. As shown in Figure 6 , LHR mRNA fell to its lowest level 12 h after the addition of hCG. The LHR mRNA level then continued to increase until 72 h after the addition of hCG. As was the case in the eCG-hCG in vivo experiments, these results demonstrated that LHR mRNA was up-regulated after being down-regulated even in in vitro cell culture systems. The GRP78 mRNA level increased ahead of the LHR mRNA level after the down-regulation of LHR mRNA. To verify the significance of GRP78 for LHR, each of two types of rat GRP78-specific siRNA was transfected into rat granulosa cells at the same time that hCG was added to the culture medium in order to knock down the GRP78 protein level in rat granulosa cells (Fig. 7, A and B) . Thus, the GRP78 mRNA level exhibited a clear, time-dependent decrease from 12 to 96 h after transfection (Fig. 6B) . In addition, the mRNA levels of aromatase were measured by RT-PCR to determine whether siGRP78 had a specific effect on granulosa cells, and the results showed that siGRP78 transfection specifically affected GRP78 mRNA (Fig. 6C) . Moreover, a 125 I-hCG binding assay was also undertaken to measure the LHR protein level at the cell surface with these GRP78-specific siRNAs in the recovery phase from the down-regulation of LHR after hCG stimulation.
FIG. 4.
Time course of LHR mRNA expression in rat ovaries induced by eCG and hCG. Three-week-old female rats injected subcutaneously with 30 IU/body of eCG followed by 20 IU/body of hCG 48 h later were euthanized at the indicated times. Nontreated rats were also euthanized at 0 h eCG. The ovaries were excised, and RNAs were isolated. LHR (A) and GRP78 (B) mRNA levels were measured using quantitative RT-PCR as described in Materials and Methods. The amounts of LHR and GRP78 mRNA in nontreated rats at 0 h eCG were taken as a ratio of 1. Data in the bar graphs were normalized for TBP mRNA levels in each sample and represent the means 6 SEM of three independent experiments. *Decrease from the control value, P , 0.01. **Increase from the control value, P , 0.05. 
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FIG. 5. Detection of GRP78 protein in rat ovaries. A) Sections of pseudoestrous cycle ovaries obtained by treatment with eCG and hCG were fixed in formalin and embedded in paraffin, and stained with anti-GRP78 diluted 1:200; detection of primary antibody binding was accomplished using biotinconjugated second antibody. The samples in the left and middle panels were stained with anti-GRP78. The images in the right panels are from the control established using goat polyclonal nonimmune (anti-rabbit) IgG (diluted 1:200). The rectangle in the left panel at each respective time is shown magnified in the middle panels. Bars ¼ 100 lm. The picture is representative of three independent experiments. B) Lysates were prepared by homogenizing the other side of the ovary used for immunohistochemistry in lysis buffer and resolved by 7.5% reducing SDS-PAGE as described in Materials and Methods. After being transferred to a PVDF membrane, each sample was detected with anti-GRP78. The detection of b-actin protein served as a loading control. The blot is representative of three independent experiments. The levels of GRP78 expression were quantified by scanning the films from the Western blots and analyzing the digitized data with the NIH Image 1.60 computer program. The digitized data of the control were taken as a ratio of 1. The absorbance values in the bar graphs represent the means 6 SEM of three independent experiments. *Increase from the control value of the respective phase, P , 0.05.
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Notably, the transfection of siGRP78-1 and -2 significantly decreased the LHR protein level (Fig. 7C ), whereas the LHR mRNA level was unchanged in comparison with the control (Fig. 6A ). This reduction of LHR at the cell surface negatively affected luteal function because the progesterone production stimulated by hCG was clearly attenuated (Fig. 7D ).
Luciferase Assay
To understand the mechanism underlying that the induction of hCG stimulation induced GRP78 expression, we next investigated the hormonal regulation of GRP78 promoter activity using hCG. When we first analyzed the proximal region of the GRP78 promoter, we found one estrogen response element half-site motif (ERE 1/2 ). Thus, we tested the basal promoter activity of GRP78 at different times of transfection because the granulosa cells were harvested from DES-treated rat ovaries, demonstrating the effect of estrogen remaining in the cells just after the beginning of culture. Because the basal promoter activity was induced most in the cells transfected 24 h after plating compared to the cells transfected 48 or 72 h after plating (Fig. 8B) , we used the cells at 72 h for the luciferase assay to exclude an estrogen effect in order to study the hCG effect on GRP78 promoter. With the reporter plasmid containing CRE in the promoter region (as shown in Fig. 8A ), the cells responded to hCG stimulation with significant activity compared to the promoter activity in À286/ Luc. AP-1 and GC also mediated hCG-induced promoter activity (Fig. 8C) . In addition, 8-bromoadenosine-cAMP (8-BrcAMP) brought about a dose-dependent increase of GRP78 promoter activity, confirming that cAMP is the main signal transduction system of LHR (Fig. 8D) .
DISCUSSION
In the ER, a number of molecular chaperones are involved in posttranslational modification, including disulfide bond formation as well as protein folding and assembly. GRP78, one of the molecular chaperones localized in the ER, is thought to provide quality control for protein folding and assembly of newly synthesized proteins as well as to recognize and retain misfolded proteins. Such misfolded proteins either have their proper folding and assembly completed or they are destined for degradation via the proteasome or lysosome. In this study, we investigated the mechanism by which the association of GRP78 with hLHR augmented hLHR protein levels in the cells. Our results show that hCG induce the promoter activity of GRP78, which accounts for the increases in the GRP78 mRNA and protein levels that occur mainly in granulosa cells after injection of a pharmacological dose of hCG for ovulation in eCG-primed rats. Moreover, this induction of GRP78 suggests an increase in the association between GRP78 and hLHR protein, eventually resulting in the enhanced expression of cell surface hLHR in granulosa cells. FIG. 6 . Detection of LHR and GRP78 mRNA in rat granulosa cells transfected with GRP78 siRNA. The rat granulosa cells obtained from immature rats injected with DES were treated with FSH and estradiol for 48 h, and subsequently hCG was added as described in Materials and Methods. The cells were transfected with either rGRP78 siRNA (siRNA-1 3 or siRNA-2) or control siRNA (neg.) concurrently with hCG addition. RNAs were isolated at the indicated time points, and the expression of LHR (A), GRP78 (B), and aromatase (C) mRNA levels in the cells was measured by quantitative RT-PCR using TaqMan primers as described in Materials and Methods. The amounts of LHR, GRP78, and aromatase mRNA of the nontransfected sample at 0 h hCG were taken as a ratio of 1. Data in the bar graphs represent the means 6 SEM of three independent experiments. *Decrease from the control (neg.) value of the respective phase, P , 0.01.
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After ovulation, the cell surface expression of LHR is dramatically down-regulated in granulosa cells. Previously, our laboratory [29] and other groups [30, 31] have studied the underlying molecular mechanism of the response to the LH surge using an animal model and found that the loss of cell surface LHR is preceded by decreased LHR mRNA levels. Recently, mevalonate kinase has been determined to bind to LHR mRNA, whereby LHR mRNA is destabilized and its levels are decreased [32] . However, in those previous studies, including ours, no experiments were conducted to clarify the mechanism underlying the subsequent increase in LHR expression after the down-regulation [28, 29] .
In an in vivo study of rat ovaries (Fig. 5) , immunohistochemical analysis clearly demonstrated that the expression of GRP78 protein is mainly localized and evenly distributed in granulosa cells. Simultaneously, we examined the timedependent expression pattern of GRP78 in the ovary after ovulation. The quantitative RT-PCR and immunohistochemistry results showed that expressions of the GRP78 mRNA and protein were induced and localized mainly in granulosa cells, with peaks at 12 h for mRNA and 18 h for protein after an ovulatory dose of hCG injection (Figs. 5 and 6). To confirm that GRP78 expression plays an essential role in the recovery from hCG-induced down-regulation of LHR protein, we adapted a primary rat granulosa cell culture. As was the case with the eCG-hCG in vivo experiments, GRP78 protein expression preceded the cell surface LHR binding sites after the down-regulation (Fig. 7) . From these results, combined with the results of the Western blot analyses that were obtained in HEK-293 cells expressing hLHR (Fig. 1A) , which showed that the association of GRP78 with hLHR increased the hLHR protein levels in the cells without affecting the expression level of LHR mRNA, we conclude that GRP78 plays at least some part in the recovery of LHR expression at the cell surface from the down-regulation that occurs in the early stage of luteinization. On the other hand, GRP78 expression has an adverse effect on hFSHR expression (Fig. 1B) . In the case of human thyroid-stimulating hormone receptor (TSHR), which belongs to a subfamily of the same superfamily of GPCRs as FSHR and hLHR, GRP78 expression accelerated the degradation of TSHR in CHO cells [33] . These results raise the question of what determines the differential effects of GRP78 on its target molecule. In the N-terminal extracellular region, FSHR, TSHR, and LHR possess different numbers of potential glycosylation sites: four sites for FSHR, six for TSHR, and six FIG. 7 . Knockdown of GRP78 protein in rat granulosa cells transfected with GRP78 siRNA. A) The primary rat granulosa cell culture was prepared, the cells were treated with FSH and estradiol for 48 h, and hCG was subsequently added as described in Materials and Methods. At the same time as the hCG treatment, the cells were transfected with either 3 rGRP78 siRNA (siRNA-1 or siRNS-2) or control siRNA (neg.), solubilized in detergent and resolved by 7.5% reducing SDS-PAGE as described in Materials and Methods. After being transferred to a PVDF membrane, each sample was analyzed with anti-GRP78; b-actin protein served as the loading control. The blot is representative of three independent experiments. B) The levels of rGRP78 (78 kDa) expression were quantified by scanning the films from Western blots and analyzing digitized data with the NIH Image 1.60 computer program. The digitized data of the control (neg.) at 0 h hCG were taken as a ratio of 1. The absorbance values in the bar graphs represent the means 6 SEM of three independent experiments. *Decrease from the control (neg.) value of the respective phase, P , 0.01. C) The cells were used to measure the cell surface LHR number by 125 I-hCG binding to granulosa cells as described in Materials and Methods. Each value represents the mean 6 SEM of three independent experiments. *Decrease from the control (neg.) value of the respective phase, P , 0.01. D) The medium was collected to measure the progesterone concentration 72 h after the hCG addition as described in Materials and Methods. Each value represents the mean 6 SEM of three independent experiments. *Decrease from the control (neg.) value of the respective phase, P , 0.05.
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for LHR. There may be structural differences in the carbohydrates among these receptors, and such differences could impair the maturation of receptors in the ER. For example, mutagenesis analysis of LHR revealed that only one modification of the glycosylation site retained the receptor intracellularly [34] . Thus far, it is unclear which sites become glycosylated and exactly how the carbohydrate is constituted. Whereas GRP78 does not have a specific polypeptide sequence and characteristic oligosaccharides to bind, it prefers to interact with the hydrophobic domain in polypeptides. Thus, we speculate that the ability of GRP78 to recognize those receptors depends on the hydrophobicity generated by the receptor FIG. 8 . Effects of hCG on GRP78-Luc expression in rat granulosa cells. A) Schematic drawings of rat GRP78-Luc used in this experiment. Motifs are presented as described in Materials and Methods. B) Granulosa cells from DES-primed immature rats were cultured for 24-72 h in the medium without hormone or phenol red and then cotransfected with GRP-Luc (À600/Luc) and pRL-CMV-Rluc at the respective times. Thirty-six hours after transfection, the luciferase activity was corrected for the amount of renilla luciferase activity detected in each lysate. The luciferase activity at 24 h was taken as a ratio of 1. Each bar represents the mean 6 SEM of five independent experiments. *Decrease from the 24-h value of the respective phase, P , 0.05. C) Granulosa cells from DES-primed immature rats were cultured for 72 h in the medium without hormone or phenol red and then cotransfected with rat GRP78-Luc and pRL-CMV. Thirty-six hours after transfection, the cells were treated with hCG for 6 h and then lysed and assayed for luciferase activity. The luciferase activity of 0 ng/ml hCG or the À296/Luc value was taken as a ratio of 1. Each bar represents the mean 6 SEM of five independent experiments. *Increase from the 0 h CG value of the respective hormone treatment, P , 0.05. **Increase from the À296/Luc value of the respective reporter plasmid, P , 0.05. D) Granulosa cells from DES-primed immature rats were prepared and used in a luciferase assay as described in C. Thirty-six hours after transfection, the cells were treated with 8-Br-cAMP (0.5 or 1.0 mM) for 6 h and then lysed and assayed for luciferase activity. The luciferase activity of 0 mM 8-Br-cAMP was taken as a ratio of 1. Each bar represents the mean 6 SEM of five independent experiments. *Increase from the 0 mM 8-Br-cAMP value of the respective treatment, P , 0.05.
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conformation of the variable carbohydrate-containing proteins. But the underlying mechanisms by which GRP78 differentially controls the processing of receptors in the ER will not be clear until we understand precisely how GRP78 interacts with glycoprotein receptors in the ER. However, from a physiological perspective, it is quite reasonable that the negative effect of GRP78 on FSHR abrogates FSH's action on the follicle in the postovulation stage. Further experiments are obviously needed to elucidate the precise mechanism by which GRP78 modulates gonadotropin receptor expression.
In contrast to our data, Mizrachi and Segaloff [18] reported that LHR could not interact with GRP78 in HEK 293 cells. While they tried to detect an association between LHR and GRP78 with a variety of experimental approaches, no association was found. Although our lysis cell conditions were not completely identical to theirs, we do not have the exact reason for this discrepancy. However, we assume that the characteristics of HEK 293 cells are somewhat heterogeneous, causing GRP78 to interact differentially with its target protein.
In fact, there are many factors that can influence the intrinsic properties of HEK 293 cells; growth kinetics and adenovirus vector production are affected over culture passages [35] . The efficiency of expression of heterologous proteins introduced to a cell varies among sublines of HEK 293 cells [36] . Therefore, the same experimental conditions should be applied for an improved understanding of the association between LHR and its chaperone protein.
To understand the gene expression of GRP78, we cloned a 5 0 -untranslated region of the rat GRP78 gene: À600 to À1 bp. In this region, the sequencing of the GRP78 promoter showed consensus TATA, CRE, AP-1, and ERE1/2. Because we observed the persistent effects of DES treatment in the granulosa cells derived from DES-treated rats (Fig. 8B) , granulosa cells 72 h after plating were utilized to investigate the hormonal regulation of the 5 0 -flanking region of GRP78. Based on the finding that the hCG induced promoter activity in the various lengths of reporter construct, AP-1, GC, CRE, and TATA may be involved in hCG-mediated GRP78 induction. It is well accepted that the LHR-signaling pathway is mainly mediated by cAMP after subsequent activation of adenylate cyclase. Thus, we examined whether 8-Br-cAMP induced the promoter activity of GRP78, and the results reconfirmed that cAMP mediates the signal to induce GRP78 in granulosa cells. Gel mobility shift analysis with rat GRP78 promoter revealed that the cAMP-responsive element binding protein bound to the cAMP-responsive element [37] . Combined with the finding that the regulatory region of GRP78 was highly conserved between rats and humans [23] , this fact suggests that the cAMP elicited by the hCG stimulation probably acts through the same pathway in human granulosa cells. Recently, other signaling cascades have been found to be involved in a complicated network of gonadotropin signaling: MAPK, protein kinase B, and serum and glucocorticoid-inducible kinase [38] . Because GRP78 is induced by LHR activation after the ovulatory signal in eCG-hCG experiments, one of the signaling cascades listed above or an unknown signaling pathway downstream of LHR may be required for the GRP78 promoter.
Under conditions of stress in the ER, due, for example, to the accumulation of misfolded proteins, glucose starvation, or the depletion of ER calcium stores, GRP78 expression is induced to maintain ER homeostasis [16] . Ovulation triggers a dramatic transformation of granulosa cells to form the corpus luteum for the synthesis of progesterone needed for fetal survival. This synthesis is associated with the synthesis of numerous protein inside the cells, indicating that the ER carries out many tasks in assisting newly synthesized proteins to be properly folded. Thus, the induction of GRP78 postovulation may be an essential response by the granulosa cells to survive and maintain cell activity. Molecular chaperones are required to direct the intracellular accumulated misfolded proteins along their right course. Otherwise, the accumulated misfolded proteins can be toxic and eventually induce apoptosis in the cells.
In this study, we first demonstrated that GRP78 expression induced by hCG in granulosa cells is significant, especially for the recovery of functional LHR expression at the cell surface from its down-regulation after ovulation. Because GRP78 is generally recognized to be up-regulated under ER stress, we believe this finding can expand our understanding of the physiological role of molecular chaperones.
